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I. INTRODUCTION

E
LECTRICAL steel used in electromagnetic devices is affected by the residual mechanical stresses due to punching. Therefore, it is important to know the impact of the residual stresses on the magnetic properties, as it often happens that annealing cannot be performed because of coating.
The goal of this investigation is to provide a qualitative analysis of the influence of the residual effects on magnetic properties of a nonoriented electrical steel.
II. MEASUREMENT SETUP
The mechanical part of the setup consists of an aluminum frame, a shaft with a screw thread, grips, and a helm. The top and front views of the mechanical system are depicted in Fig. 1 . The helm is used to provide a force in the horizontal direction, the value of which is measured by means of a load cell. In order to prevent vertical displacement of the sample, a plastic platform and a set of rolls are installed below the grips. This system allows any deformation of the sample up to destruction. The maximum allowed width of the sample is 80 mm.
The magnetic part of the setup consists of a ferrite yoke with two excitation windings on its limbs, as shown in Fig. 2 . The yoke is glued to the plastic carrier with a shaft fixed on the holder by means of a system of screws. This permits the yoke to occupy different directions in the plane of the sample with respect to the direction of stress. The holder is fixed to the aluminum frame.
The measurement is performed locally by means of two needles located in the symmetry plane of the yoke at 14-mm distance from each other.
is measured using an H-coil situ- ated between the needles. The sensors are installed on the plastic plate, which is fixed to the plastic carrier. The excitation windings are supplied from a Kepco power amplifier, which is controlled by the output signal of the acquisition card. Software developed in LabView allows achieving the desired induction waveform in an iterative way. The algorithm of control is described in detail in [1] .
III. EXPERIMENTAL PROCEDURE
Two samples of nonoriented electrical steel V-850-65 were tested at different angles with respect to the direction of applied force: 0 , 30 , 60 , 90 , 120 , and 150 . The first sample is fixed in such a way that the rolling direction (RD) is perpendicular to the applied stress, whereas the RD of the second sample is parallel to the applied stress. The data corresponding to the first sample are obtained at a sinusoidal flux with amplitude T and frequency Hz. The second sample was tested at T, Hz.
0018-9464/02$17.00 © 2002 IEEE At first, the magnetic properties without mechanical load were measured, which is referred to as the initial state. Then, a tensile stress was applied to the sample and the properties were measured under mechanical load. In order to estimate the residual effect of the tensile stress on the magnetic properties, some loaded states were followed by a release of the load. This is called an unloaded state. A possible sequence of mechanical loading is as follows: 0 MPa-150 MPa-200 MPa-0 MPa. The magnetic properties were measured at each step of the sequence. The maximum value of the applied load in the sequences was gradually increased from 25 to 500 MPa. The elastic limit for the tested material corresponds to 400 MPa.
Since a significant difference in the magnetic properties of the material has been encountered between the elastic and plastic ranges, these two regions are considered separately in the following figures. The stress is used as a measure of the mechanical load in the elastic region, and the strain is used to characterize the mechanical state of material in the plastic region. This choice is made in order to emphasize the change of properties at low strains.
IV. RESULTS AND DISCUSSION
Figs. 3 and 4 show the angle dependence of the losses for an unidirectional flux density of 1.2 T as a function of applied stress. In particular, an applied elastic stress ( MPa) results in a deterioration of the magnetic properties in the direction perpendicular to the stress. In this respect, the effect of the tensile stress is similar to the effect of compressive stress applied at 90 [2] . However, when stress was released, the initial magnetic properties were retained, within the error of repeatability of the measurement system, which constitutes 15%. Consequently, no irreversible changes of the magnetic materials were observed (Fig. 5) . Moreover, at low applied stresses (25 and 50 MPa), a reduction of losses in the direction of the mechanical load can be seen. Similar results were reported in [2] . In the plastic region ( MPa), the total magnetic losses do not experience the abrupt jumps when the mechanical load is applied (Figs. 6 and 7) , i.e., the increase of losses is gradual. However, an abrupt change in losses is encountered at low strains with load removed (Fig. 8) , which generally corresponds to the data reported earlier [3] - [5] . An analogous situation was observed for the second sample. When material is deformed plastically, microstructural defects appear in the lattice. The difference in losses depicted in Fig. 8 should be due to these defects. The losses increase proportionally in all the directions, which means that microstructural defects impede domain wall motion independently from a space orientation of the wall. Consequently, microstructural defects can be considered as isotropic pinning sites.
The locus of losses resembles an ellipse. Therefore, for practical applications it seems sufficient to consider only the extreme values observed at 0 and 90 with respect to the applied elastic stress.
With regard to the plastic deformation, it is sufficient to perform measurements only in one direction in order to estimate the deterioration of the magnetic properties compared to the initial nondeformed state.
V. CONCLUSION
The following conclusions can be drawn from the presented experimental investigation.
1) For the investigated material, the elastic stress does not seem to lead to irreversible changes in the magnetic properties, i.e., when stress is removed, the material retains its original properties. 2) Applied tensile stress, both elastic and plastic, results in a deterioration of the magnetic properties in the direction perpendicular to the mechanical load.
3) The residual effects occur abruptly at low strains and considerably worsen the magnetic properties. This change is irreversible, but it seems to affect all directions in a similar way.
